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Abstract
©  2017  Khalilov,  Minlebaev,  Mukhtarov,  Juzekaeva  and  Khazipov.  During  development,
hippocampal CA3 network generates recurrent population bursts, so-called Giant Depolarizing
Potentials (GDPs).  GDPs are characterized by synchronous depolarization and firing of  CA3
pyramidal cells followed by afterhyperpolarization (GDP-AHP). Here, we explored the properties
of GDP-AHP in CA3 pyramidal cells using gramicidin perforated patch clamp recordings from
neonatal rat hippocampal slices. We found that GDP-AHP occurs independently of whether CA3
pyramidal cells fire action potentials (APs) or remain silent during GDPs. However, the amplitude
of GDP-AHP increased with the number of APs the cells fired during GDPs. The reversal potential
of  the  GDP-AHP  was  close  to  the  potassium  equilibrium  potential.  During  voltage-clamp
recordings, current-voltage relationships of the postsynaptic currents activated during GDP-AHP
were  characterized  by  reversal  near  the  potassium  equilibrium  potential  and  inward
rectification, similar to the responses evoked by the GABA(B) receptor agonists. Finally, the
GABA(B)  receptor  antagonist  CGP55845  strongly  reduced  GDP-AHP  and  prolonged  GDPs,
eventually transforming them to the interictal and ictal-like discharges. Together, our findings
suggest  that  the  GDP-AHP  involves  two  mechanisms:  (i)  postsynaptic  GABA(B)  receptor
activated potassium currents, which are activated independently on whether the cell fires or not
during GDPs; and (ii) activity-dependent, likely calcium activated potassium currents, whose
contribution to the GDP-AHP is dependent on the amount of firing during GDPs. We propose that
these two complementary inhibitory postsynaptic mechanisms cooperate in the termination of
GDP.
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Keywords
Development, GABA, Giant depolarizing potentials, Hippocampus, Neonatal, Patch-clamp
techniques
References
[1] Ben-Ari, Y., Cherubini, E., Corradetti, R., and Gaïarsa, J.-L. (1989). Giant synaptic potentials in immature rat CA3
hippocampal neurones. J. Physiol. 416, 303–325. doi: 10.1113/jphysiol.1989.sp017762
[2] Ben-Ari, Y., Gaiarsa, J. L., Tyzio, R., and Khazipov, R. (2007). GABA: a pioneer transmitter that excites immature
neurons and generates primitive oscillations. Physiol. Rev. 87, 1215–1284. doi: 10.1152/physrev.00017.2006
[3] Blankenship,  A.  G.,  and  Feller,  M.  B.  (2010).  Mechanisms  underlying  spontaneous  patterned  activity  in
developing neural circuits. Nat. Rev. Neurosci. 11, 18–29. doi: 10.1038/nrn2759
[4] Bolea, S., Avignone, E., Berretta, N., Sanchez-Andres, J. V., and Cherubini, E. (1999). Glutamate controls the
induction of GABA-mediated giant depolarizing potentials through AMPA receptors in neonatal rat hippocampal
slices [In Process Citation]. J. Neurophysiol. 81, 2095–2102.
[5] Caillard, O., McLean, H. A., Ben-Ari, Y., and Gaïarsa, J.-L. (1998). Ontogenesis of presynaptic GABA receptor-
mediated inhibition in the CA3 region of the rat hippocampus. J. Neurophysiol. 79, 1341–1348.
[6] Cherubini, E., Griguoli, M., Safiulina, V., and Lagostena, L. (2011). The depolarizing action of GABA controls
early network activity in the developing hippocampus. Mol. Neurobiol. 43, 97–106. doi: 10.1007/s12035-01-
-8147-z
[7] Craig, M. T., Mayne, E. W., Bettler, B., Paulsen, O., and McBain, C. J. (2013). Distinct roles of GABAB1a- and
GABAB1b-containing GABAB receptors in spontaneous and evoked termination of persistent cortical activity. J.
Physiol. 591, 835–843. doi: 10.1113/jphysiol.2012.248088
[8] Fukuda, A., Mody, I., and Prince, D. A. (1993). Differential ontogenesis of presynaptic and postsynaptic GABA
inhibition in the rat somatosensory cortex. J. Neurophysiol. 70, 448–452.
[9] Gähwiler,  B.  H.,  and  Brown,  D.  A.  (1985).  GABAB-receptor-activated  K  current  in  voltage-clamped  CA3
pyramidal  cells  in  hippocampal  cultures.  Proc.  Natl.  Acad.  Sci.  U  S  A  82,  1558–1562.  doi:
10.1073/pnas.82.5.1558
[10] Gaïarsa, J. L. (2004). Plasticity of GABAergic synapses in the neonatal rat hippocampus. J. Cell. Mol. Med. 8,
31–37. doi: 10.1111/j.1582-4934.2004.tb00257.x
[11] Gaiarsa, J. L., McLean, H., Congar, P., Leinekugel, X., Khazipov, R., Tseeb, V., et al. (1995). Postnatal maturation
of gamma-aminobutyric acidA and B-mediated inhibition in the CA3 hippocampal region of the rat. J. Neurobiol.
26, 339–349. doi: 10.1002/neu.480260306
[12] Garaschuk, O., Hanse, E., and Konnerth, A. (1998). Developmental profile and synaptic origin of early network
oscillations in the CA1 region of rat neonatal hippocampus. J. Physiol. 507, 219–236. doi: 10.1111/j.1469-
7793.1998.219bu.x
[13] Kasyanov, A. M., Safiulina, V. F., Voronin, L. L., and Cherubini, E. (2004). GABA-mediated giant depolarizing
potentials as coincidence detectors for enhancing synaptic efficacy in the developing hippocampus. Proc. Natl.
Acad. Sci. U S A 101, 3967–3972. doi: 10.1073/pnas.0305974101
[14] Khalilov, I., Esclapez, M., Medina, I., Aggoun, D., Lamsa, K., Leinekugle, X., et al. (1997). A novel in vitro
preparation: the intact hippocampal formation. Neuron 19, 743–749. doi: 10.1016/s0896-6273(00)80956-3
[15] Khalilov, I., Holmes, G. L., and Ben-Ari, Y. (2003). In vitro formation of a secondary epileptogenic mirror focus
by interhippocampal propagation of seizures. Nat. Neurosci. 6, 1079–1085. doi: 10.1038/nn1125
[16] Khalilov, I., Leinekugel, X., Mukhtarov, M., and Khazipov, R. (2014). Intracellular blockade of GABA receptors in
the rat hippocampal neurons. Biol. Membrany 31, 25–32. doi: 10.7868/S023347551401006X
[17] Khalilov, I., Minlebaev, M., Mukhtarov, M., and Khazipov, R. (2015). Dynamic changes from depolarizing to
hyperpolarizing GABAergic actions during giant depolarizing potentials in the neonatal rat hippocampus. J.
Neurosci. 35, 12635–12642. doi: 10.1523/JNEUROSCI.1922-15.2015
[18] Khazipov, R., Esclapez, M., Caillard, O., Bernard, C., Khalilov, I., Tyzio, R., et al. (2001). Early development of
neuronal activity in the primate hippocampus in utero. J. Neurosci. 21, 9770–9781.
[19] Leinekugel, X., Khalilov, I., Ben-Ari, Y., and Khazipov, R. (1998). Giant depolarizing potentials: the septal pole of
the hippocampus paces the activity of the developing intact septohippocampal complex in vitro. J. Neurosci.
18, 6349–6357.
[20] Leinekugel, X., Medina, I., Khalilov, I., Ben-Ari, Y., and Khazipov, R. (1997). Ca oscillations mediated by the
synergistic excitatory actions of GABA and NMDA receptors in the neonatal hippocampus. Neuron 18, 243–255.
doi: 10.1016/s0896-6273(00)80265-2
[21] Luhmann, H. J., and Prince, D. A. (1991). Postnatal maturation of the GABAergic system in rat neocortex. J.
Neurophysiol. 65, 247–263.
[22] Lüscher, C., Jan, L. Y., Stoffel, M., Malenka, R. C., and Nicoll, R. A. (1997). G protein-coupled inwardly rectifying
K channels (GIRKs) mediate postsynaptic but not presynaptic transmitter actions in hippocampal neurons.
Neuron 19, 687–695. doi: 10.1016/s0896-6273(00)80381-5
[23] McLean, H. A., Caillard, O., Khazipov, R., Ben-Ari, Y., and Gaïarsa, J.-L. (1996). Spontaneous release of GABA
activates GABA receptors and controls network activity in the neonatal rat hippocampus. J. Neurophysiol. 76,
1036–1046.
[24] Menendez de la Prida, L., Bolea, S., and Sanchez-Andres, J. V. (1998). Origin of the synchronized network
activity  in  the  rabbit  developing  hippocampus.  Eur.  J.  Neurosci.  10,  899–906.  doi:  10.1046/j.1460-
9568.1998.00097.x
[25] Mohajerani, M. H., and Cherubini, E. (2006). Role of giant depolarizing potentials in shaping synaptic currents in
the developing hippocampus. Crit. Rev. Neurobiol. 18, 13–23. doi: 10.1615/critrevneurobiol.v18.i1-2.30
[26] Nurse, S., and Lacaille, J. C. (1999). Late maturation of GABA synaptic transmission in area CA1 of the rat
hippocampus. Neuropharmacol 38, 1733–1742. doi: 10.1016/s00283908(99) 00122-7
[27] Sipila, S. T., Huttu, K., Voipio, J., and Kaila, K. (2006). Intrinsic bursting of immature CA3 pyramidal neurons and
consequent giant depolarizing potentials are driven by a persistent Na current and terminated by a slow Ca -
activated K current. Eur. J. Neurosci. 23, 2330–2338. doi: 10.1111/j. 1460-9568.2006.04757.x
[28] Sodickson, D. L., and Bean, B. P. (1996). GABAB receptor-activated inwardly rectifying potassium current in
dissociated hippocampal CA3 neurons. J. Neurosci. 16, 6374–6385.
[29] Verheugen, J. A., Fricker, D., and Miles, R. (1999). Noninvasive measurements of the membrane potential and
GABAergic action in hippocampal interneurons. J. Neurosci. 19, 2546–2555.
[30] von Krosigk, K. M., Bal, T., and McCormick, D. A. (1993). Cellular mechanisms of a synchronized oscillation in
the thalamus. Science 261, 361–364. doi: 10.1126/science.8392750
[31] Wester, J. C., and McBain, C. J. (2016). Interneurons differentially contribute to spontaneous network activity in
the  developing  hippocampus  dependent  on  their  embryonic  lineage.  J.  Neurosci.  36,  2646–2662.  doi:
10.1523/JNEUROSCI. 4000-15.2016
